Abstract -Two experiments were set up to investigate how to maintain or create genetic diversity in artificial or managed populations of plants. Using Ambidopsis thaliana, we established 18 metapopulations of 20 populations each, all with the same initial genetic composition. We tested the effects of the population size, the artificial selection regime and the extinction/recolonisation regime. We report the results of the first four generations of evolution for a trait under selection (precocity) and for allozyme diversity. As expected, overall diversity decreased in each metapopulation, and differentiation among populations increased. As expected, the differentiation was weaker for larger population sizes and in the treatment with extinction and recolonisat ion with no bottleneck. Artificial selection was effective because the life cycle duration was much reduced. However, most of the reduction occurred during the first generation. We observed an increase of one allele at the LAP-2 locus in all metapopulations, breaching neutral assumptions for this locus. Finally, the selection regime made little difference for small population sizes, whereas large metapopulations were more differentiated when artificial selection was heterogeneous among populations. Altogether, our results agree with theoretical expectations, and provide some new results, which could not have been anticipated. In particular, the overall decrease in genetic diversity was very large (of the order of 20% in 4 generations) even for metapopulations of 2000 individuals. genetic diversity / experimental evolution / conservation / small populations / precocity * Correspondence and reprints E-mail: claire.lavigne@esv.u-psud.fr S400 C. Lavigne et al.
INTRODUCTION
Genetic resources of crop plants and of their wild relatives have been collected and stored in gene banks for several decades [9] . Some of these banks contain very large numbers of samples and their evaluation, management and utilisation raise an increasing number of questions. From a biological point of view, the main questions concern (i) the tools to evaluate both neutral and potentially non-neutral quantitative genetic diversity, and (ii) regeneration methods allowing maintenance of the initial diversity, prevention of the accumulation of deleterious mutations, and avoidance of the "evolutionary freeze" of populations removed from their natural environment [18] . Similar questions arise regarding the conservation of populations of rare species. The lack of genetic variability associated with small population sizes and, possibly, the accumulation of deleterious mutations are, indeed, thought to be major factors driving small populations to extinction, although these issues are controversial [11] .
To address some of these questions a dynamic management of genetic diversity has been suggested [1, 18, 33] . Such a management involves in situ or ex situ maintenance of evolving metapopulations. The metapopulation concept was introduced by Levins [23] as a population of populations connected by migration events and subject to extinction and recolonisation events. The aim of such a management is to maintain as much diversity as possible at the metapopulation level, and even to create new genetic combinations while letting the populations evolve and adapt to their local environment [18] . For crop species, artificial populations need to be created, whereas for wild species both in situ and ex situ management could be considered. For instance, a dynamic management of genetic resources was established in 1984 for winter wheat, a selfing species [6, 18, 21, 22, 25, 30, 31] .
Genetic diversity roughly comprises two components: neutral diversity, which, by definition, is not under selection in the study environment at a given time, and non-neutral diversity. Potential users of genetic resources are mainly interested in maintaining and evaluating diversity for agronomic traits such as morphology, seed production or pest resistances, which in most environments are under selection. These traits are most likely also related to fitness in wild populations. The measurement of these traits, however, is time-consuming and the trait values can be very dependent on the environment in which they are measured. In contrast, neutral diversity is easier to assess since numerous molecular markers are available and their expression is not dependent on the environment. The theory about the structure of neutral diversity in a metapopulation is furthermore well established (reviewed in [14] ) and the neutral diversity of a population can be thought of as a reservoir for potential future adaptation [11] . However, the relationship between the patterns of neutral and selected diversities in a metapopulation depends on numerous factors such as population sizes, effective recombination and type of selection [17] . In this paper, we report on an experiment under controlled conditions that was designed to investigate the effect of different metapopulation managements on the evolution of both allozyme and quantitative genetic variability.
Two experiments were set up to investigate how to maintain or create genetic diversity in artificial and/or managed populations of plants. Our goal was to test the effects of population sizes, selection regime and extinction/recolonisation events in a selfing species. We set up an extinction/recolonisation experiment to mimic three contrasted situations of in situ management: a habitat with no disturbance, compared with two that experience disturbances; one with high likelihood of recolonisation, and the other with low likelihood of recolonisation. The comparison of the evolution of diversity among the various treatments could help us design and maintain populations for conservation purposes.
MATERIAL AND METHODS
The study species is the small annual Arabidopsis thaliana (Brassicaceae). It is mainly selfing with natural levels of outcrossing of 1.2-2.2% [39] . It was chosen for its short life cycle, which in the greenhouse can last as little as two months, and for the large amount of knowledge available on its genetics and physiology [34] . 
Initial composition of the metapopulations
Fourteen lines of A. thaliana collected in nine natural populations (Fig. 1 ) and the nw77 male sterile mutant from the Nottingham Arabidopsis Stock Centre l were used as parental lines of the metapopulations. Male sterility is due to a single point nuclear recessive mutation, which causes the absence of petals, stamens and pollen production. The male sterile mutant was introduced in the populations to maintain some level of out crossing (see below). The natural parental lines were chosen for their flowering synchrony and for their differences in electrophoretic patterns at five allozyme loci. To create the initial populations, parental lines (Tab. I) were control-crossed by hand following the protocol described on Parental lines IDh LAP-2 AcPh 1 AcPh 2 8kDh  F22  2  4  2  2  1  F281,2  2  4  1  1  1  GB l  1  4  2  2  1  GB 2  2  4  3  2  1  F06l,2,3,4  2  1  1  2  2  F78a  2  4  2  2  1  F78b  2  4  2  1  1  F37  2  2  2  1  1  F45  2  3  2  2  1  F69  2  4  2  2  1  NW77  2  4  2  2  1   Table 11 . Crosses at the origin of the F2 and their contribution to the first generation.
distinguished the parents (Tab. I). Fl individuals were selfed. The resulting F2 seeds were pooled according to the proportions given in Table Il and this pool of seeds was used to sow the first generation of each local population of each metapopulation.
Experimental designs

Treatments
Two experiments were set up (Tab. Ill). The first one (hereafter experiment 1, set up at Orsay), aimed to explore the effect of population size and selection regime on the evolution of the diversity in the metapopulations. The second one (hereafter experiment 2, set up at IN RA Dijon), was aimed at understanding the effect of different extinction/ recolonisation regimes. In both experiments, migration rate among extant populations was fixed at 2%.
For experiment 1, twelve metapopulations were set up, each containing 20 populations. The two treatments were population size (10, 25 or 100 individuals per population) and selection regime (directional or heterogeneous). Densities were kept independent of the sizes of the populations by growing . Two metapopulations were grown for each population size x selection regime combination. The selection for a short life cycle was applied by stopping any watering as soon as the first fruits were mature in one of the two replicate metapopulations. In the directional selection regime, each population of each replicate metapopulation was selected for a short life cycle. In the heterogeneous selection regime, each metapopulation was split into two groups of ten populations: one group being selected for a short life cycle, the other being allowed to grow and flower as long as necessary. Populations were assigned to either group at the first generation. Within each metapopulation, all populations were allowed to exchange genes randomly by way of the 2% migrants. For experiment 2, metapopulations contained 20 populations of 100 individuals grown in the same large pots as in experiment 1 and all selected for a short life cycle. The treatments consisted of three different extinction-recolonisation regimes: 1) no extinction (as in experiment 1), 2) extinction and recolonisation from a large genetic basis (100 individuals from five different populations drawn at random within the metapopulation), corresponding to a migrantpool pattern [38] , 3) extinction and re colonisation from a narrow genetic basis (five individuals from one population drawn at random), corresponding to a propagule-pool pattern [38] . The local extinction rate was 25% for metapopulations with extinctions, i.e. each generation five populations randomly chosen from 20 were eliminated, and replaced by recolonisers. Two replicate metapopulations were grown for each treatment.
In the absence of any female advantage, and as male-sterility is determined by a single recessive gene, the proportion of male-sterile individuals is expected to decrease by half each generation. In order to ensure a minimum out crossing rate of 10%, for each non-extinct population, and whenever possible, 10% of the seeds used to grow the following generation were harvested from malesterile individuals of that population. Thus, the average frequency of malesterile individuals among newly produced seeds was expected to be kept at 5%. About 88% of the seeds for the next generation were harvested from local hermaphrodites. The remaining average 2% were migrants drawn at random in another single, randomly chosen, population of the metapopulation. In experiment 2, extinct populations were recreated as described above.
Seeds were sown on a regular grid, watered with a solution containing 0.15% fungicide (Dericlor, Ciba Geigy) and left for one week in the dark at 4 °C to break dormancy. This cold treatment was stopped in experiment 2 after the third generation. After germination, the plants were grown in a controlled compartment of a greenhouse under a 16 h light/8 h dark photoperiod, a temperature varying between 15°C night and 20 °C, day and were watered twice a week. In order to avoid local environmental effects, the pots were regularly moved around during the growing period. Two or three times during flowering, flowers of male-sterile individuals were gently rubbed with the maximum number of male-fertile flowers of the population to ensure seed production.
Once watering of the plants was stopped, they were left to dry. Fruits of male-sterile individuals were harvested separately and the rest of the population was harvested as a whole. Seeds were then stored in the dark at 4°C, 10% humidity.
Measurements
Allozymic diversity
In the fourteen parental lines we observed four alleles for the Leucine Amino Peptidase locus (LAP-2), three alleles for the Acid Phosphatase 1 locus (AcPh 1) and two alleles for the Acid Phosphatase 2 locus (AcPh 2), the Shikimic Dehydrogenase locus (SkDh) and the Isocitric Dehydrogenase locus (IDh). Enzyme polymorphism was assessed on IDh, LAP-2, AcPh 1 and SkDh at the fourth generation for experiment I, and on the LAP-2, AcPh 1 and 2 loci every generation for experiment 2.
In experiment 1, we sampled ten individuals from five populations in each metapopulation with 25 or 100 individuals per population, and seven individuals from six populations in each metapopulation with 10 individuals per population. In experiment 2, 10 individuals per population were sampled except for populations under narrow-basis recolonisation for which the total population of five individuals was analysed. The origin and number of populations analysed varied from generation to generation (38 populations in Generation 1 (G1), 44 in G2, 40 in G3, 56 in G4).
Enzyme extracts were obtained from leaves of four week-old plants. For experiment 1 (performed in Orsay), extracts were migrated on a 13% starch gel in a Lithium borate buffer (adapted from [40] ) to reveal the polymorphism for the LAP and AcPh enzymes, and on a 12.5% starch gel in a Tris citrate buffer (adapted from [32] ) for the 8kDh and IDh enzymes. For experiment 2 (performed in Dijon), foliar isoenzymes were separated by electrophoresis on a polyacrylamide gel using the method described by Ornstein [29] and Gasquez and Compoint [13] in a discontinuous system with pulse power. Detailed specifications of laboratory techniques are given in [3] .
Genetic analyses
Nei's unbiased estimator of gene diversity [28] was calculated for populations and metapopulations using the Fstat software [15] .
Within-population diversities per locus were estimated as:
where n is the harmonic mean of the numbers of individuals per population, PT is the average over populations of the squared frequency of each allele at a given locus, and Ho is the average observed heterozygosity at this locus. The average diversity is calculated as the average Hs over loci.
Overall gene diversities per locus are estimated as:
Hs Ho
where np is the number of populations, Pi the average frequency of each allele at a given locus over populations, and Ho is the observed heterozygosity at this locus. The average diversity is calculated as the average Ht over loci.
Weir and Cockerham's estimators of F is and Fst [45] (hereafter named Fis and Fst ) were also calculated with the Fstat software. The test for significant difference of these F-values from zero was performed by permuting individuals over populations. No standard errors were calculated due to the small number of loci studied.
Given the initial composition of the metapopulations, the expected diversities were HtO = Hso = 0.35 for experiment 1 and HtO = Hso = 0.47 for experiment 2 at the first generation. The difference between experiments is due to the difference in the set of loci studied. Expected Fst values were zero since populations were created from the same seed pool, and the expected F is value was 0.40 in experiment 1 and 0.42 in experiment 2.
Precocity
As conditions in the greenhouse may vary throughout the year, a direct comparison of flowering phenology in number of days between germination and flowering could be misleading. To minimise the environmental effect, populations from several generations were compared simultaneously. Thus, in experiment 2, the efficiency of the selection for precocity was assessed for the first three generations on a sub-sample of three populations per metapopulation leading to six metapopulations X three populations X three generations + 10 samples for generation 1 = 64 samples. From each sample, 50 seeds were sown in plastic pots (17.5 x 13 x 5.5 cm). Every day for 90 days, the proportions of plants in the following stages were noted: cotyledons, rosette, bolting, flowering, green pods and mature fruits.
The cumulative evolution of flowering frequency over time in days (D) was then fitted to the following logistic model:
where i is the estimated parameter for the time lag before first flowering, r, the synchrony of flowering and K, the proportion of flowering when the experiment was stopped. The goodness of fit was assessed using a R2. Applying this model to each of the 64 samples, all R2 values ranged between 0.873 and 0.997 with a mean value of 0.972 ± 0.023 and were all highly significant.
The generation effect was then tested using one-way ANOVA applied individually to each of the three estimated parameters described above.
Theoretical predictions
Effect of selection regime on local neutral diversity (Experiment 1)
Selection increases the variance in offspring number [16] , thus reducing effective population size. The reduction in effective population size should only depend on the strength of selection, not on it being homogeneous or heterogeneous. Thus, for those loci unlinked to selected ones, we do not expect any effect of the selection regime on local diversity. Alternatively, one could consider that when all populations are selected for precocity, selection is stronger and thus effective population sizes are smaller in the homogeneous selection treatment compared with the heterogeneous treatment. In this case, we expect less genetic diversity in the homogeneous selection regime. Overall, and for a given population size, we expect local genetic diversity in the homogeneous selection regime to be either the same or smaller than in the heterogeneous selection regime.
Effect of selection regime on differentiation among populations for neutral markers (Experiment 1)
For a given population size, effective migration rate should be lower in the heterogeneous selection regime, as on average immigrants are not locally adapted [7] . Although differentiation among populations for unlinked neutral loci is not expected to be highly influenced by the type of selection, if it happens to be it should be such that populations are more differentiated under the heterogeneous selection regime.
Hitch-hiking might also affect the evolution at neutral loci in linkage disequilibrium with selected ones. Directional selection tends to homogenise populations for those loci undergoing selection and linked neutral loci, whereas heterogeneous selection promotes differentiation. For those loci, we thus also expect to find more differentiation under the heterogeneous selection regime.
Overall, for a given population size, we thus expect more differentiation under the heterogeneous selection regime.
Effect of selection regime on global neutral diversity (Experiment 1)
Assuming that the strength of selection is the same in the two selection regimes, the sole effect of selection is on differentiation among populations, expected to be stronger under heterogeneous selection. We thus expect global diversity to be larger under this regime. The pattern is reinforced if we assume that the strength of selection is greater under homogeneous selection since local diversity would decrease similarly in all populations.
We thus expect global diversity to be smaller in the homogeneous selection regime. This is particularly expected for those genes linked to those determining precocity.
Effect of population size on neutral diversity (Experiment 1)
As local population sizes increase, genetic drift is weaker locally. Therefore, at the local level, we expect genetic diversity to increase with local population size. Assuming an equilibrium between migration and drift, the shape of Fst as a function of N*m indicates that above the value N*m = 1, the level of differentiation among populations is expected to be low [5] . For a complete selfer, this "threshold" value is N*m = 3. In experiment 1, the rate of seed immigration is 2%, thus the numbers Nm of migrants per generation are 0.2, 0.5 and 2 for the three population sizes. This is probably less than the threshold value above which migration is expected to counteract drift in our experimental system, as selfing rate was in fact large, albeit male-sterility. Thus we expect large differentiation among populations to build up, all the more so for low effective sizes.
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In finite populations, selection has more impact on the frequency of a favoured allele than drift only if Ne * s > 1 where s is the selection coefficient [16) . We therefore expect response to selection to be stronger for larger population sizes, at least in the directional selection regime. The increase in diversity as populations become larger should thus be smaller than expected with the purely neutral model. In the heterogeneous selection regime, the effective number of migrants should also increase less than with the purely neutral model, since, as already stated above, migrants on average are not locally adapted. Overall, the reduction in effective size for neutral genes due to selection at other loci is expected to increase with population size, at least in the homogeneous selection regime, reducing the direct effect of diminishing drift with increased population size. We thus expect a slight decrease in differentiation with increased population size.
Effect of local extinctions and recolonisation treatment on neutral diversity (Experiment 2)
Local extinct ions have in theory two effects [43, 46) . First, they decrease the total metapopulation size and thus the overall genetic diversity should be lower compared to the no extinction treatment. Second, they create a bottleneck at recolonisation, and thus increase the amount of differentiation among populations. At the same time, they increase gene flow among populations, thus acting against differentiation. In the first extinction treatment, recolonisations occur by sampling 100 migrants from several populations, so that the main effect of extinction is to increase gene flow. In the second extinction treatment, only five individuals, sampled from a single population, are allowed to act as recolonisers. Thus the main effect of this treatment is a bottleneck. We thus predict that the stronger differentiation at equilibrium should be observed in the second ("narrow-basis") extinction treatment, followed by the no extinction treatment, followed by the large-basis extinction treatment. Total diversity should be larger in the no extinction treatment.
Effect of local extinctions and recolonisation treatment on response to selection (Experiment 2)
Response to selection is expected to increase with total effective metapopulation size. It should thus be larger in the no extinction treatment, followed by the extinction treatment with a large genetic basis recolonisation, followed by the bottleneck treatment. Note however that enhanced gene flow, as experienced in the extinction regime with large base recolonisation, might at the same time locally increase the evolutionary potential, and thus favour local adaptation [12) . Thus, no clear prediction can be made without further modelling. 
RESULTS
We present results for the first four generations of the experiments.
Allozyme variability
Allelic and genotypic frequencies
Considering the two experiments, allele 4 of the LAP-2 increased in frequency between the first and the fourth generation in 16 out of the 18 metapopulations. This is significantly different from the 50% increase, 50% decrease expected with drift (rank test P < 0.001). Its increase in frequency is significant in all metapopulations (Kruskal-Wallis statistics = 31.21, P < 0.0001 for a generation effect) in experiment 2 where it was estimated at each generation. The frequency of this allele was not significantly different between the two experiments at the fourth generation when only metapopulations with 100 individuals per population were considered (P = 0.72) (Fig. 2) . There was no significant effect of the treatment on the frequency of this allele in either experiment (P = 0.56 in experiment 1 and P = 0.95 in experiment 2). This allele was also the most frequent in natural populations of Ambidopsis thaliana analysed Genetic diversity in a metapopuiation S411 in our laboratory (data not shown), and was present in seven out of nine populations initially used as a basis for the metapopulations (Tab. I). Significant changes in allele frequencies were observed for the other enzymatic systems, but there was no obvious relationship between the level of significance of the tests, the direction of change and the population size or selection treatment (data not shown).
Removing the LAP-2 locus from the following analyses increased slightly the values of Fst , but it did not modify the general pattern (data not shown). The results over all loci will therefore be discussed.
Within-population diversity
Within-population diversity decreased in all metapopulations. After four generations, the average decrease was about 66% in experiment 1 (Fig. 3 ) and 55% in experiment 2 (Fig. 3, G4 ), assuming the expected initial diversities.
In experiment 1, an ANOVA performed on HSl the local diversity averaged per locus and per population for each metapopulation suggests no effect of either population size x selection regime (p = 0.15, one-way ANOVA). However, a Duncan's Multiple Range Test performed on average Hs per metapopulation suggests that the lowest diversity was retained in the treatment with homogeneous selection and smallest population size (Hs = 0.16 for this treatment, and Hs = 0.23 to 0.25 for the other treatments).
In experiment 2, while the effect of generation on local diversity was highly significant (P = 0.0001), there was no significant effect of the extinction treatment (P = 0.75) (two-way ANOVA with generation and treatment as independent variables). The decrease occurred during the first three generations, as average local diversities of generations three and four were not significantly different, whereas Hs of generation one was significantly larger than diversity of generation two, itself significantly larger than diversity of generations three and four (Duncan's Multiple Range Test of procedure ANOVA, SAS).
Population structure: Fst and Fis
Population structure increased over time and was highly dependent on the treatment (Fig. 4) . Two-way ANOVA with generation and treatment effects as independent variables in experiment 2 showed that Fst was significantly influenced by both the generation and the extinction treatment (P = 0.003 for generation and P = 0.016 for treatment). In this experiment, the increase was greatest in the no extinction treatment (average Fst = 0.30), and smallest in metapopulations with extinction and large base recolonisation (average Fst = 0.13).
In experiment 1, the amount of differentiation was explained by local population sizes (P < 0.0001, two-way ANOVA on average Fst per metapopulation, with population size and selection regime as independent variables). Thus, generations as shown for generations one to four in Figure 4 for experiment 2. Two-way AN OVA of average (local) Fis per metapopulation shows no effect of treatment in either experiment (P = 0.28 for selection regime and P = 0.26
for local population size in experiment 1 and P = 0.146 for experiment 2). It confirms the generation effect on F is for experiment 2 (P < 0.0001), but no evolution of Fis is observed after generation two in this experiment (P = 0.24).
Assuming that Fis values are therefore close to equilibrium at the fourth generation we estimated the outcrossing rates in both experiments [16] . Estimated out crossing rates are consistent between experiments (0.12 ± 0.03 in experiment 1 and 0.12 ± 0.02 in experiment 2 ., " " .. 
Global population diversity
Global metapopulation diversity decreased in all metapopulations (Fig. 3) . After four generations, the average decrease was 20% in experiment 1 and 17% in experiment 2. Consistently, in experiment 2 the generation effect was significant (P = 0.0007) in a two-way ANOVA with extinction regime and generation as independent factors. The extinction treatment contrarily was not significant (P = 0.60). There was no effect ofthe treatment on metapopulation diversity in experiment 1 either (P = 0.30 and 0.46 for selection regime and local population size treatments in two-way ANOVA).
Precocity
The results of the selection experiment 2 are given in Figure 5 . Selection was efficient since 50% of the plants were still at the rosette stage 52 days after sowing for plants of the first generation, whereas this period was reduced to 36 days after three generations of selection. The overall shape of the graphs however suggests that the response to selection mostly occurred after the first generation of selection. Most reduction in the life cycle was due to a shortening of the rosette stage. Two-way ANOVA with generation and extinction treatment as independent variables shows a strong generation effect on synchrony (parameter r, P < 0.001) as well as a significant increase in the final Genetic diversity in a metapopulation S415 proportion of flowering plants (parameter K, P = 0.036), while there was no significant change in time to appearance of the first flowering plant (parameter i, p = 0.29). The only significant effect of treatment on response to selection was that extinction with large base recolonisation retained significantly more non-flowering plants than the two other treatments.
DISCUSSION
The two experiments were designed to investigate changes in levels and distribution of genetic diversity under contrasted metapopulation regimes. This knowledge may prove useful for the management of metapopulations for the conservation of genetic variation. The maintenance of genetic diversity at the population and the metapopulation levels depends on effective population and metapopulation sizes. The effective size of a population is usually lower than its census size. Frankham [10] provides a very general figure of 0.11 for wild populations. The correlation between the effective size of a population and its census size depends on factors such as selfing rate, selection regime and migration. The effects of the factors acting in our experiments are detailed in the material and methods section. In general, we expected more genetic diversity to be maintained for large effective sizes.
Evolution of allelic frequencies
Our estimation of neutral genetic diversity is based on polymorphism at four allozymic loci. It is generally considered that allozymes behave as neutral markers. This issue, however, is somewhat controversial: a positive correlation between heterozygosity for allozymic loci and fitness-related traits such as viability or growth rates is reported for organisms as different as wild oat [4] , a number of tree species (e.g. [8, 41] ), a fish [27] and shellfish [19, 42] . Similarly, the decline in the proportion of heterozygotes with inbreeding is usually lower than expected (e.g. Rumball et al. [36] in Drosophila).
In our experiment, we observed an increase in the frequency of allele 4 of LAP-2 in most metapopulations. This might suggest that this allele is under selection in our experiment. LAP is an enzyme active in the cytosol which participates in the turnover of proteins [2] . Koehn et al. [19] observed a correlation between allele frequencies at the LAP-2 locus and salinity and/or temperature in oyster and suggested that one allele might be under selection at this locus. However, the correlation was no longer significant in the same organism in a later study [37] . Another explanation would be that allele 4 of LAP-2 is in linkage disequilibrium with determination of precocity. It is easy to see how subsampling at the foundation of the lines could have generated such linkage disequilibrium. No correlation was detected between the frequency of allele 4 and precocity in the ten F2 lines used to found all metapopulations (data not shown). However, because of the high frequency of that allele in founder lines, our ability to detect linkage disequilibrium with genes for precocity is diminished. Allozyme loci have been convincingly shown to be under direct and directional selection in a few cases (e.g., Watt [44J for selection favouring particular alleles of phospho-gluco isomerases in butterflies). Further work is needed in our experimental system before we can suggest the most likely explanation for the pattern observed with LAP-2.
Below we summarise the results and compare them with our original predictions.
Neutral diversity
Within-population diversity
After four generations of management, we observed an overall decrease in local diversity for the allozymic markers.
Effect of local population sizes (Experiment 1)
Prediction: The local genetic diversity should decrease with the sizes of local populations under no selection.
Test: Overall, there was no significant effect of the population size. It could be that, because selection is more efficient at larger population sizes, and thus because the reduction of effective size by selection is greater for such sizes, this effect partly compensates the effect of decreasing population size so that overall there is little effect of population sizes. The only visible effect is that the smallest local genetic diversity was observed for one of the selection regimes with the smallest population size, and this size x selection regime treatment was found to be different from the others using the Duncan multiple range test. Moreover, the largest range of variability was observed among metapopulations of small populations, indicating that the level of local diversity was prone to larger variations from generation to generation when local populations were smaller.
Effect of selection regime (Experiment 1)
Prediction: the local genetic diversity in the homogeneous selection regime should be less than or equal to that in the heterogeneous selection regime.
Test: Overall, there was no significant effect of the selection regime on local diversity. However, the smallest local genetic diversity was observed for one of the three metapopulation types with the homogeneous selection regime, and this treatment was found to be different from the others using the Duncan multiple range test (same as above).
Effect of local extinctions (Experiment 2)
Prediction: local diversities should be larger in the no extinction treatment Test: Unexpectedly, there was no significant effect of local extinct ions on local diversity. In particular, populations of metapopulations undergoing local extinctions and recolonisation with a narrow-basis were no less variable than populations experiencing a stable environment, an unexpected result. We will discuss this result when considering global diversity.
Population differentiation 4.2.2.1. Effect of local population sizes (Experiment 1)
Prediction: Large differentiation among populations should build up, all the more so for low effective sizes.
Test: We indeed observed a highly significant differentiation among populations at the fourth generation. The influence of population size on population structure was very strong and in the expected direction, suggesting that selection did not significantly decrease effective size at neutral loci in large populations.
Effect of selection regime (Experiment 1)
Prediction: For a given population size, differentiation under the heterogeneous selection regime should be stronger compared to the homogeneous selection.
Test: There was little effect of selection regime, except for metapopulations with large population sizes, for which differentiation under the heterogeneous selection regime was indeed stronger compared to the homogeneous selection regime. Most likely selection was more efficient at large population sizes, so that the effect of the selection regime was more obvious for such population sizes. The larger differentiation in these metapopulations with heterogeneous selection can be explained both by linkage disequilibria and by a weaker adaptation of the migrants, although we have no experimental evidence for this latter hypothesis. Decay of linkage disequilibrium would be retarded by high selfing in our populations.
Effect of local extinctions (Experiment 2)
Prediction: The stronger differentiation at equilibrium should be observed in the narrow-basis extinction treatment, followed by the no extinction treatment, followed by the large-basis extinction treatment.
Test: The smallest differentiation was indeed observed in metapopulations with a large basis for recolonisation, a result consistent with predictions. However, and unexpectedly, significantly less differentiation among populations was observed in the narrow-basis re colonisation treatment compared to the no extinctions. This could be explained by the fact that high rates of extinction and recolonisation increase migration rates and more than compensate for the founder effects at recolonisation.
Global diversity
Effect of local population sizes (Experiment 1)
Prediction: Because the metapopulation size is proportional to local size, the most obvious prediction is that global diversity should increase with local population size.
Test: The level of global diversity was independent of the local population size. As the migration rate is constant, a decrease in local population size both decreases local effective size and increases differentiation among populations. Overall, this could explain why global diversity is not affected by local population size. Moreover, we showed that while differentiation was indeed larger for smaller population size, local diversity was independent on local size (possibly because of selection being more efficient in large populations). 80 it may not be surprising that global diversity is independent of population size.
Effect of selection regime (Experiment 1)
Prediction: Global diversity should be smaller in the homogeneous selection regime, as the local genetic diversity is expected to be less than or equal to that in the heterogeneous selection regime, and so is the amount of differentiation among populations.
Test: This effect of the selection regime is not observed, as the level of diversity is not larger under heterogeneous selection. This is true even in the large metapopulations where differentiation was larger under the heterogeneous selection. More generations might be needed for this effect to build up.
Effect of local extinctions (Experiment 2)
Prediction: Total diversity should be larger in the no extinction treatment. Test: Contrary to our predictions, the global diversity was not affected by extinctions. It could be that because all diversity was present within each population at the beginning of the experiment, the loss of some populations had no immediate effect on diversity. This would also explain why local diversity is not influenced by local extinctions.
Evolution of precocity (effect of local extinctions, Experiment 2)
Our results on precocity suggest that we effectively selected for more precocious genotypes. The existence of genetic variation for precocity among populations of A. thaliana has been reported in many studies (e.g. [20] ) and major genes [24, 35] and QTLs [26] responsible for this variation are known. In a comparison among 13 populations of A. thaliana, Zhang and Lechowicz [47] observed that rosette diameter and its growth rate contributed most to explaining the total variation in flowering time. Here we observed a similar correlated response, since selecting for short life cycles (i. e. early flowering) mainly decreased the length of the rosette stage (Fig. 5) .
The significant effect of generation on parameter r of the logistic curve, showing that individuals were more and more synchronous in their flowering behaviour, also illustrates that the efficiency of selection could be linked to a decrease in genetic diversity for this trait.
In general it was difficult to assess what impact selection for precocity had on the level of neutral diversity in our metapopulations. Although most variation for precocity disappeared in the second generation, there was no tendency for neutral diversity to decrease markedly at the same time in experiment 2.
Response to selection was not influenced by the extinction-recolonisation treatment, suggesting that enhanced gene flow due to local extinctions might bring new variation locally, and compensate for the overall decreased metapopulation effective size that would slow down response to selection. Alternatively, as most of selection response occurred during the first generation, it could be that no variation was left after this generation, so that there would be no further effect of decreased effective size.
CONCLUSION
Results are only available for the four first generations and it is too early to draw general conclusions useful for conservation of genetic diversity in crop or ex situ conserved species. However, despite the small number of studied loci, several trends emerge from these preliminary results. First, we observed a general decrease (of the order of 20%) of neutral genetic diversity in the metapopulations (Fig. 3) . This shows that the population sizes we chose were not large enough to maintain efficiently the initial level of diversity, especially regarding the fact that artificial selection was applied. In practise, conservationists often have to tolerate a small decrease of diversity, because maintaining large enough populations is too costly in terms of space and money. Surprisingly, the loss of variability did not depend on population size in our experiment (Fig. 3) after four generations. Thus, a pool of 2000 individuals (100 x 20 for the largest metapopulation) did not seem sufficient to maintain neutral diversity efficiently. It could be argued that the artificial selection that was applied on precocity acted to decrease the effective size, so that if one could prevent natural or artificial selection from acting, 2000 individuals might be sufficient to preserve neutral diversity. As the objective of such management programmes is to let populations coevolve with their environment, it is likely (and hoped) that natural selection would occur in any experimental design.
In our experiment, a minimum of 100 individuals per population was necessary to observe an effect of the type of selective pressure on metapopulation structure. Moreover, there was no effect of selection regime on local diversity. This result confirms that, even with large selective pressures, drift overrides selection in small populations. A goal of a dynamic management is to maintain diversity at selected traits, for example by growing the plants in different environments. The large metapopulations in experiment 2 appeared large enough to respond to selection but larger metapopulations might prove necessary if weaker selective pressures are acting.
Finally, population size and selection act together to determine the maintenance of neutral diversity. Both selection and drift decrease the withinpopulation neutral diversity, selection being more efficient in large populations while drift is more efficient in small populations. Maintaining local natural selection in a dynamic management will thus accelerate the loss of neutral genetic diversity, compared to populations undergoing no selection. Heterogeneous selection is expected to counteract this loss of diversity, through its effect on increased differentiation among populations for locally adapted traits. In a selfing species, linkage disequilibria exist at the whole genome level. Thus, the increase in global adaptive diversity through increased differentiation because of heterogeneous selection is also expected to occur for neutral diversity. Assuming populations are connected, local evolutionary potential is restored through rare migration events. In an out breeding species, selection in different environments will allow the maintenance of adaptive variability, but neutral diversity will be less easily maintained, especially if selection is strong. Thus, a milder selection should be applied in such species.
